Background: Primary progressive (PP) multiple sclerosis (MS) is considered a clinically distinct entity from the spectrum of relapsing-remitting (RR) forms of the disease. Objective: To compare the presence of brain and spinal cord lesions between PP and RR subjects. Methods: We studied people with PPMS [n = 40, 17 (42.5%) men, age 50.7 ± 7.7 years, disease duration 10.1 ± 7.4 years, Expanded Disability Status Scale (EDSS) score 4.6 ± 2.1] and RRMS [n = 40, 12 (30%) men, age 47.9 ± 4.2, disease duration 13.7 ± 5.9, EDSS 1.7 ± 1.3]. MRI of the brain and full spinal cord at 1.5T was analyzed to define patients having: 1. brain only, 2. spinal cord only, or 3. brain and spinal cord MS lesions. Results: Lesions in the brain only were less common in PP (n = 1, 2.5% of people) than RR (n = 10, 25%) (Fisher's exact p = 0.007). Lesions in the spinal cord only (PP: n = 6, 15%, RR: n = 3, 7.5%, p = 0.481) or brain plus spinal cord (PP: n = 33, 83%, RR: n = 27, 68%, p = 0.196) were similar between groups. PP had higher EDSS and timed 25-ft walk (Wilcoxon tests, both p < 0.001), higher age (t-test p = 0.049), lower disease duration (t-test, p = 0.02), and a similar sex ratio (Fisher's exact p = 0.352) vs. RR. Conclusions: We report a topographic difference in MRI lesion involvement between PPMS and RRMS. Lesions restricted to the brain are more common in RRMS. These findings provide support to the notion that PP may have features distinctive from the RR spectrum of the disease. Longitudinal comparisons and quantitative MRI analysis would be necessary to confirm and extend these results.
Introduction
Primary progressive (PP) multiple sclerosis (MS) is widely recognized as a unique form of MS that can be clinically distinguished from the relapsing-remitting (RR) spectrum of the disease [1] . While the underlying biologic basis for this distinction is not known, patients with PPMS show a range of differences such as a relative resistance to Tcell directed disease-modifying therapies (DMTs), a worse prognosis, a higher representation of men, and an older age of onset compared than those with RRMS [2] [3] [4] .
There are reported MRI differences in most studies comparing patients with PPMS to those with relapsing forms of the disease [3] . Cerebral T2 hyperintense lesions may be smaller, less in number, and develop at a lower rate in PPMS [5] . Patients with PPMS may also develop diffuse T2 hyperintense lesions in the spinal cord [6] ; moreover, atrophy of the spinal cord is more common in PPMS [3] .
However, the demonstration of unique MRI features in PPMS has not been consistent across all studies [2] . The goal of the present study was to compare the presence of brain versus spinal cord MRI-defined MS lesions between people with PPMS and RRMS.
Methods

Subjects and MRI acquisition
Subject demographic and clinical information is summarized in the Table 1 .
The PP group was identified from a previously-reported cohort [7] , from which we enrolled those with the following inclusion criteria: 1) age < 65 years, 2) the availability of a suitable quality single time point General Electric (Milwaukee, WI) scanners (to assure consistency in the data). Once the PP MRI cohort (n = 40) was defined, we randomly selected the same number of the oldest RR people from our previous studies who had comparable MRI acquisitions available [8, 9] . All individuals were part of the Comprehensive Longitudinal Investigation of MS at the Brigham and Women's Hospital and Partners MS Center (CLIMB study) [10] . Subjects had scoring of Expanded Disability Status Scale (EDSS) [11] and timed 25-ft walk (T25FW) [12] as part of the CLIMB study, performed by an MS specialist neurologist at our institution within 3 months of MRI. All people had an established MS diagnosis by the International Panel criteria [13] .
MRI analysis
MRI scans were analyzed by an experienced observer for the presence of characteristic MS lesions using brain fluid-attenuated inversion-recovery (FLAIR) axial and spinal cord T2-weighted axial and sagittal sequences. Brain lesions that were non-specific (e.g. < 3 mm in diameter, punctate, or linear) were excluded based on our previous work [9] . Spinal cord proton-density or short-tau inversion-recovery sequences were not performed. Because spinal cord lesions are typically not seen in the normal population [14, 15] , all spinal cord lesions were presumed to be MS-related. Individuals were categorized as having: 1. brain only, 2. spinal cord only, or 3. brain and spinal cord lesions.
Statistical analysis
The demographic and clinical characteristics of the two groups were compared using two sample t-tests for continuous variables (age and disease duration), Fisher's exact tests for binary and categorical variable (sex), and Wilcoxon rank sum tests for ordinal or skewed variables (EDSS, T25FW). A p-value < 0.05 was considered statistically significant.
Results
As shown in the table, the PP group had more advanced physical disability by the EDSS and T25FW (Wilcoxon tests, both p < 0.001) and higher age (t-test p = 0.049), but lower disease duration (t-test, p = 0.02), and a similar proportion of men (Fisher's exact p = 0.352) vs. the RR group. We further explored a breakdown in characteristics among the three PP and RR MRI subgroups (i.e., brain lesions only, brain+spinal cord lesions, or spinal cord lesions only). The "brain lesions only" PP subgroup (n = 1) was lower in disease duration and higher in physical disability vs. the other two PP MRI subgroups. The two remaining PP MRI subgroups were similar in terms of disease duration and disability. There were no major differences among the RR MRI subgroups, except for slightly higher EDSS score in the "spinal cord lesions only" subgroup. This would suggest that there was no obvious explanation for why patients had lesions restricted to specific regions. This is not formally compared or presented in detail due to small sample sizes within subgroups.
MRI findings are shown in Figs. 1 and 2.
Discussion
Our cross-sectional study demonstrated a topographic difference in MRI lesion involvement between PP and RR forms of MS. While both brain and spinal cord involvement was common in both group, the PP group was more likely to have lesions restricted to the spinal cord and the RR group was more likely to have lesions restricted to the brain. The PP group showed other differences with the RR group, being significantly older, with higher physical disability, despite lower disease duration. These findings underscore the complementary information obtained by both brain and spinal cord MRI in the evaluation of possible PPMS; in particular, clinicians should be aware that normal brain imaging may be seen, with lesions restricted to the spinal cord, and the converse may occur in RRMS. Previous work has shown unique topographic features regarding brain and spinal cord involvement in patients with PPMS. Similar to our results, other studies have shown a higher lesion load in the spinal cord lesion involvement in subjects with PPMS, relative to RRMS [16, 17] . Additional observations have described diffuse high T2 signal in the spinal cord which is characteristic of PPMS, and is much less common in RRMS [6, 18] . A clinical-MRI dissociation between physical disability and brain lesions is particularly common in PPMS [19, 20] ; conversely, the presence of spinal cord lesions is helpful to overcome this clinical-MRI paradox [20] and increases the sensitivity in the initial diagnosis of PPMS [18] .
Spinal cord involvement in PPMS is particularly relevant to clinical status. Several studies have shown that spinal cord lesion burden correlates highly with ambulatory dysfunction and predicts worsening neurologic disability [21] . In addition to the relevance of spinal cord lesions, spinal cord atrophy, particularly of the upper cervical cord, is highly correlated with physical disability [5, 22] . Taken together, these previous findings combined with the present results underscore the importance of spinal cord imaging in the diagnosis and monitoring of people with PPMS.
One study stands in contrast to our findings [16] in which subjects with PPMS had more brain MRI lesions than subjects with RRMS. Two noteworthy aspects of this study may explain the differences from the present study. First, the study was conducted from a Japanese cohort. Second, the subjects with PPMS had a high preponderance of cerebellar lesions. Thus, we could speculate that ethnicity may introduce heterogeneity in the disease characteristics of patients with PPMS. Our findings would seemingly be most applicable to an American/Western population.
Our results are line with previous observations that unique underlying pathobiologic factors may contribute to the development of PP vs. relapsing forms of MS and a propensity for spinal cord involvement [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In support of the notion that PP represents a unique form of the disease, which may be thought of a different from the RR spectrum, Bramow and colleagues [23] showed that PPMS is characterized histologically as having a robust regulatory and reparative mechanism protecting the brain's white matter, while the spinal cord tends to be vulnerable to impaired repair and recurrent demyelination; this was in distinction to findings from patients on the relapsing disease spectrum. Furthermore, Pagani and colleagues [24] noted that brain atrophy topographic distribution differed among MS phenotypes; cortical atrophy was characteristic of the PP group, while central/ventricular atrophy was typical in RRMS. The two subtypes of MS have somewhat different responses to immunotherapy, with two T-cell targeted therapies proven effective in RRMS failing to halt disease progression in PPMS in large phase III studies [26, 27] . However, a B-cell targeted therapy, ocrelizumab, is the first therapy shown to benefit both RR and PP forms of the disease [28] . Numerous clinical features are known to differ between the two subtypes of the disease [25] , such as the older age and higher rate of affected men in PP, vs. the RR spectrum [3, 7, [29] [30] [31] . Additional work from Koch and colleagues [32] have shown the subjects with PPMS and a positive family history of MS were affected at an earlier age than non-familial PP cases, while the RR spectrum showed no such relationship. Our findings may also reflect genetically determined differences between these two forms of MS. Sombekke and colleagues [33] showed, in a mixed MS sample including both RR and PP individuals, that carriers of the HLA-DRB*1501 gene were linked to a propensity for a higher spinal cord lesion burden than noncarriers; although the relationship to specific MS subtype was not reported. Furthermore, the APOE gene status [34] , a variety of other differentially expressed genes [ 35] , and serum antibodies [36] may differ between PP and RR groups.
There are several limitations of our study, which should be considered in future studies. The groups were age-matched to account for the normal aging effect on brain lesions that might have affected the diagnostic sensitivity of the study. A much younger group of RR patients than the PP patients might have overestimated the preponderance of brain lesions in the latter. However, matching the RR age led to their longer disease duration than both typical RR subjects and the selected PP group. This was not pre-planned in the study design, and may have underestimated the PP patients' cord selectivity, given that longer disease duration RR patients would be more likely to have spinal cord involvement than earlier stage RR patients. Our spinal cord imaging may have been limited by lower sensitivity with the reliance on available routine clinical images. With higher resolution researchdedicated protocols and other more sensitive sequences, such as short time inversion recovery (STIR), we may have been able to capture more lesions [37, 38] . In addition, the MRI scans were performed at 1.5T; however, with the growing use of 3T scanners for routine MS care and 7T scanners for research investigations, and their potentially higher lesion sensitivity in the brain and spinal cord [15, 39] , it would be of interest to extend our results to higher field strengths. In addition, an investigation of quantitative lesion data and the anatomical distribution/topography of lesions [40] would provide further insight into structural differences between the groups. We also did not consider brain and spinal cord atrophy, which would have provided an additional assessment of region-and compartment-specific disease effects [22, 41] .
